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ABSTRACT

We present here mid-infrared images of seven sites of water maser emission thought to be associated with
the hot molecular core (HMC) phase of massive star formation. We have detected mid-infrared emission
from the locations of two of these HMC candidates, G11.94�0.62 and G45.07þ0.13. From our observations
we derived lower limit estimates of the luminosities for the exciting sources in these two HMC candidates. We
find that the estimates are consistent with the hypothesis that the HMCs are internally heated by massive
B- and O-type stars. We observed two sites with HMCs previously claimed to be detected in the mid-infrared,
G19.61�0.23 and G34.26+0.15; however, we did not detect mid-infrared emission from either HMC
location. We place new upper limits on the mid-infrared flux densities for these HMCs that are much lower
than their previously reported flux densities. We were also able to obtain extremely accurate astrometry for
our mid-infrared observations of G9.62+0.19 and conclude that the mid-infrared emission previously
thought to be coming from the HMC in this field is in fact coming from a different source altogether.

Subject headings: circumstellar matter — infrared: ISM — masers — stars: early type — stars: formation

1. INTRODUCTION

Hot molecular cores (HMCs) are believed to represent an
extremely early stage of massive stellar birth. An HMC con-
sists of a massive protostar surrounded by a thick envelope
of accreting dust and gas. Although there are very few
observations of these objects to date, we are beginning to
piece together an empirically derived list of the basic obser-
vational characteristics of HMCs: (1) they are compact
sources seen in radio-wavelength ammonia (or molecular
line) images but have little or no radio continuum emission,
(2) they lie in massive star forming regions near ultra-
compact H ii (UC H ii) regions, (3) they are too young and/
or embedded to be seen in the optical or near-infrared, and
(4) they are often coincident with water maser emission.
Only a small number of sources exist that have had such a
holistic set of observations performed.

The work by Cesaroni et al. (1994) remains the most com-
prehensive work on the subject, even though their work
involved radio-wavelength ammonia line imaging toward
only four fields of massive star formation. In all four cases
they found compact (�0.1 pc) ammonia clumps offset from,
but near to, UCH ii regions. In all four cases the water mas-
ers were directly coincident with the ammonia emission
rather than the radio continuum emission of the UC H ii

region. Cesaroni et al. (1994) observed in the high-excitation
(4, 4) line of NH3, which traces gas with kinetic tempera-

tures of 50–200 K and densities approximating nH2
� 107

cm�3 (nNH3
=nH2

> 10�6) within these HMCs.
Cesaroni et al. (1994) also argue that gas and dust would

be well mixed in the HMCs and that there would be a high
rate of collisions between the dust and gas. When densities
in excess of nH2

e105 cm�3 exist, temperature equilibrium
between gas and dust is established (Kruegel & Walmsley
1984). Given the high observed densities of HMCs, it can be
concluded that the gas kinetic temperature is a fair approxi-
mation to the dust temperature. The observed gas tempera-
tures for HMCs is typically between 50 and 200 K (Cesaroni
et al. 1994). Therefore one should be able to detect new
HMCs via their mid-infrared emission, at least for the
warmest sources.

Recently there was a detection of mid-infrared emission
from the HMC of G29.96�0.02 (De Buizer et al. 2002b), a
source that was first imaged by Cesaroni et al. (1994) in
NH3 emission. This source is also in the survey of Hofner &
Churchwell (1996), who studied the relationship between
the 2 cm radio continuum emission of UC H ii regions and
the location of the water masers on the field. They found
that G29.96�0.02, like several other sources in their survey,
did not have water masers associated with the observed UC
H ii regions. Instead, the water masers tend to be in groups
that lie offset from the radio continuum emission. The
hypothesis is that the water masers are excited by embedded
massive stellar sources within the HMCs. It is pointed out
by Hofner & Churchwell (1996) that several of the UC H ii

regions in their survey are cometary-shaped, like
G29.96�0.02, and have their water masers located in front
of the cometary arc of radio continuum emission.

Another source in common between the Cesaroni et al.
(1994) survey and Hofner & Churchwell (1996) survey is
G9.62+0.19. Hofner & Churchwell (1996) showed that both
sources display radio continuum regions with water masers

1 Visiting Astronomer, Gemini North Observatory and NASA Infrared
Telescope Facility.

2 Visiting Astronomer,W.M. KeckObservatory.
3 On leave from Cerro Tololo Inter-American Observatory, Casilla 603,

La Serena, Chile.
4 Current address: Photon Research Associates, Inc., 5720 Oberlin

Drive, SanDiego, CA 92121.

The Astrophysical Journal, 598:1127–1139, 2003 December 1

# 2003. The American Astronomical Society. All rights reserved. Printed in U.S.A.

1127



offset, and Cesaroni et al. (1994) showed that both have
HMCs at the water maser locations as seen in NH3.

In order to extend our knowledge of the earliest stages of
massive star formation and understand more about the
nature of HMCs, we have undertaken mid-infrared
observations of several fields from the survey of Hofner &
Churchwell (1996) in an attempt to find more mid-infrared–
bright HMCs. We concentrate on the fields that have UC
H ii regions with water masers well offset. Some of these
fields are the sites of already detected HMCs at the water
maser locations (e.g., imaged in molecular lines of NH3, or
already imaged in the mid-infrared). For the other fields,
observations of molecules found in HMCs but not UC H ii

regions can be used to deduce the physical presence of
HMCs. Fields that do not have directly detected HMCs
were checked for spectroscopic observations of molecular
species known to be tracers of the densest and warmest
material. In particular, methyl cyanide (CH3CN) and high-
excitation lines of NH3 appear to be confined to those
HMCs that are luminous at far-infrared and submillimeter
wavelengths. From the list of Hofner & Churchwell (1996)
we have therefore isolated seven HMCs and/or HMC can-
didates for detailed imaging in the mid-infrared. While all
sources were observed on the Infrared Telescope Facility
(IRTF) 3 m, others needed high spatial resolution or deep
mid-infrared imaging as follow-up. These sources were
observed on the Gemini 8 m andKeck II 10 m telescopes.

2. OBSERVATIONS

Exploratory observations were first performed using
the University of Florida mid-infrared camera and
spectrometer, OSCIR, in 1997 September at the 3 m NASA
IRTF. OSCIR employs a Boeing/Rockwell5 128� 128
Si:As BIB (blocked impurity band) detector array, which is
optimized for wavelength coverage between 8 and 25 lm.
The field of view of the array is 2900 � 2900, for a scale of
0>223 pixel�1. Observations were centered on the H2O
maser coordinates given by Hofner & Churchwell (1996),
with 60 s on-source exposure times taken through a broad-
bandN filter (�0 ¼ 10:46 lm, D� ¼ 5:1 lm) and the IHW18
(International Halley Watch, �0 ¼ 18:06 lm, D� ¼ 1:7 lm)
filter with a 3000 north-south chop throw. Unfortunately,
cirrus clouds terminated the survey after only three sites
were imaged.

The full survey was performed with deeper imaging in
2002 June, again at the IRTF, but this time using the Jet
Propulsion Laboratory mid-infrared camera, MIRLIN.
This instrument employs a Boeing6 HF-16 128� 128 Si:As
BIB detector array. The pixel scale is 0>475 pixel�1, for a
field of view of 6100 � 6100. Observations were taken through
the N4 (�0 ¼ 11:70 lm, D� ¼ 1:11 lm) and Q3 (�0 ¼ 20:81
lm, D� ¼ 1:65 lm) filters with on-source exposures times of
184 and 192 s, respectively. All observations were taken at
air masses of less than 1.5 under clear skies with low relative
humidity (<25%) with a chop throw of 6100 north-south.
Sky and telescope subtraction were removed using the
standard chop-nod technique, and the chop throw was large
enough that there was no contamination from sources in the

reference chop beam. The primary standard star used
throughout the observations was � Aql, for which the flux
densities were taken to be 61.1 Jy at 11.7 lm and 19.5 Jy at
20.8 lm.

Follow-up high-resolution observations were performed
on two separate occasions. First, an observation of
G9.62+0.19 was performed in 1999 April at theW.M.Keck
II 10 m telescope. This observation was made using the
OSCIR camera, a visiting instrument at the time. A single
exposure was made of G9.62+0.19, with an on-source inte-
gration time of 240 s through the IHW18 filter. At Keck,
OSCIR has a field of view of 800 � 800, for a scale of 0>0616
pixel�1. On the second occasion in 2001 May, observations
were made at the Gemini North 8 m telescope of
G19.61�0.23 and G34.26+0.15, again using OSCIR. One
image was taken of G19.61�0.23 through the IHW18 filter
for 180 s. Images of G34.26+0.15 were taken through both
the N and IHW18 filters with 120 s exposure times. At
Gemini North, OSCIR has a field of view of 1100 � 1100, for a
scale of 0>084 pixel�1. Like the IRTF observations, all of
these high-resolution observations were taken at air masses
of less than 1.5 under clear skies, and sky and telescope sub-
traction were removed using the standard chop-nod techni-
que. Chop throws were 1000 north-south at Keck and 1500

east-west at Gemini. The standard star used at Keck and
Gemini North was � Lyr, with an assumed flux density of
36.4 Jy at 10.5 lm and 12.0 Jy at 18.1 lm.

Table 1 lists the seven target fields in this survey. The table
gives for each target field the coordinates of the water maser
group number from Hofner & Churchwell (1996) that is
either associated with a known HMC or the likely location
of the HMC candidate. The water maser positions of
Hofner & Churchwell (1996) were obtained with a con-
nected-element interferometer and have absolute positional
uncertainties less than 0>5. The mid-infrared absolute astr-
ometry was obtained at IRTF by offsetting the telescope to
the maser reference coordinates from nearby reference stars
(typically less than 100 away) whose coordinates were
obtained from the Hipparcos Catalog. The absolute point-
ing uncertainty of the telescope was estimated to be better
than 1>5 in repeated trials, determined by offsetting between
nearbyHipparcos reference stars. This astrometric accuracy
is consistent with the pointing uncertainties previously
achieved at IRTF during similar observations by Campbell
et al. (2000). We therefore conclude that the relative
uncertainty of the astrometry between the maser reference
features and our pointing is also better than 1>5, in general.
However, for each source detected we could confirm or
increase this astrometric accuracy by comparing the mid-
infrared field to the field imaged at other wavelengths. This
process is discussed on a case-by-case basis for each source
in x 3.

The standard-star images were used as point-spread func-
tion (PSF) stars for the IRTF observations. The measured
resolution of the images was taken to be the average of the
size of the full width at half-maximum (FWHM) of the PSF
stars imaged throughout the course of the observations. At
IRTF the PSF observations yield an image resolution of 1>2
at 10.5 lm and 1>6 at 18.1 lm on the night using OSCIR,
and 1>3 at 11.7 lm and 1>7 at 20.8 lm on two nights when
MIRLIN was used. At Gemini and Keck, PSF stars were
imaged near the location of each of the target fields imaged.
The Gemini observations have a average measured resolu-
tion of 0>48 at 10.5 lm and 0>63 at 18.1 lm, and PSF

5 The Anaheim, California, detector group has since been acquired by
DRSTechnologies.

6 See footnote 5.
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observations at Keck yielded a resolution of 0>33 at 10.5 lm
and 0>41 at 18.1 lm.

Table 1 lists the observed flux densities of the HMC
candidates at four wavelengths. The 10.5 and 18.1 lm flux
densities correspond to the OSCIR data from various tele-
scopes (which are annotated), and the 11.7 and 20.8 lm flux
densities are fromMIRLIN from IRTF. This paper concen-
trates discussion only on the HMC candidates on each field
and reserves discussion of all other mid-infrared sources for
future papers. However, since most of these fields have not
been imaged in the mid-infrared before, Table 2 lists the flux
densities for all mid-infrared sources found on all fields.
Sources are designated by numbers that are incremented by
increasing right ascension on the field.7 The positions of
these sources are given as offsets in arcseconds from the
position of the HMC on the field as given in Table 1. The
flux densities listed in both tables are given with no quoted
error. The largest sources of error in these values are the at-
mospheric variability on the night of the observations and
the uncertainty in the mid-infrared standard-star flux den-
sity in each filter. The largest observed sky variability for
any night of observations was approximately 10% at 10.5
and 11.7 lm and 15% at 18.1 and 20.8 lm. These values
were obtained from the variability of the measured detector
counts for a given standard star throughout the night. We
therefore assign the derived flux densities in this paper the
above stated errors as conservative estimates of the actual
photometric errors for all observations.

3. RESULTS FOR INDIVIDUAL SOURCES

3.1. G9.62+0.19

G9.62+0.19 and its surrounding environment have been
well studied at a variety of wavelengths (see Testi et al. 2000

and references therein). This complex region contains a
wealth of high-mass sources of different evolutionary states,
from the HMC phase to well-developed H ii regions. A
study of the centimeter continuum emission from this region
by Garay et al. (1993) yielded the designation of radio
sources labeled A to E. Sources A and B are large, extended
(’3000) regions of centimeter radio continuum emission, and
D is a bright, compact radio continuum source just to the
east of B. Source D is the southernmost component to a
string of radio continuum sources that run to the northwest,
ending with source C, approximately 2000 from D. The
HMC, which lies in this string and is nearest to D, was first
observed in thermal ammonia line emission by Cesaroni et
al. (1994) and has been given the designation F. Masers of
several species (H2O, OH, CH3OH, and NH3) lie along this
string of radio sources, and the HMC is coincident with
several water masers.

This region was previously observed by De Buizer, Piña,
& Telesco (2000) in the mid-infrared, and a bright, compact
source was found at both 10.5 and 18.1 lm, as well as
extended emission from H ii region B. The bright
mid-infrared source was given the designation G9.619+
0.193:DPT00 1 (Fig. 1). Lacking accurate astrometry and
given the close proximity of G9.619+0.193:DPT00 1 with
the extended emission to the east, De Buizer et al. (2000)
assumed that G9.619+0.193:DPT00 1 was mid-infrared
emission from radio source D. Recently, Persi et al. (2003)
claim that the astrometry of their mid-infrared images
shows G9.619+0.193:DPT00 1 to be coincident with the
location of the HMC. They established their astrometry by
measuring the offset from the centroid of the mid-infrared
emission from source B to the location of G9.619+
0.193:DPT00 1. They then found the absolute position of
G9.619+0.193:DPT00 1 by applying this measured offset to
the published centroid of B as given in theMSX satellite cat-
alog. They quote an optimistic uncertainty of 100–200 using
this method, and they state that the near-infrared emission
they have observed is also coming from the HMC. A similar
claim of near-infrared emission from the HMC was made
previously by Testi et al. (1998).

TABLE 1

HMCs and HMC Candidates Observed

Site Maser Groupa R.A.

(B1950)

Decl.

(B1950)

R.A.

(J2000)

Decl.

(J2000)

F10:5lm

(mJy)

F11:7lm

(mJy)

F18:1lm

(mJy)

F20:8lm

(mJy)

G9.62+0.19 ............... 7 18 03 16.08 �20 31 59.2 18 06 14.82 �20 31 38.4 <15b <25 <48c . . .
G11.94�0.62.............. 3 18 11 03.70 �18 54 18.4 18 14 00.27 �18 53 23.6 . . . 180 . . . 829

G12.21�0.10.............. 2 18 09 43.76 �18 25 06.7 18 12 39.70 �18 24 17.8 . . . <28 . . . <355

G19.61�0.23.............. 6 18 24 50.05 �11 58 31.6 18 27 37.84 �11 56 37.1 <10 <31 <17d <308

G34.26+0.15.............. 2 18 50 46.28 +01 11 12.5 18 53 18.62 +01 14 58.1 <4d e <21d e

G45.07+0.13.............. 2 19 11 00.41 +10 45 43.3 19 13 22.01 +10 50 53.8 4260f 5500f . . . 19700f

G75.78+0.34.............. 1 20 19 51.88 +37 17 00.3 20 21 43.92 +37 26 38.0 . . . <26 . . . <286

Note.—All 10.5 and 18.1 lm data were taken with OSCIR, and all 11.7 and 20.8 lm data were taken withMIRLIN. All data are from the IRTF unless
otherwise noted. All values quoted with a ‘‘<’’ are upper limit flux densities at a 95% confidence level. Flux density errors are taken to be 10% at 10.5 and
11.7 lmand 15% at 18.1 and 20.8 lmunless otherwise noted.

a Maser group designation fromHofner &Churchwell 1996 that is at the HMC location, or the assumedmaser location of the HMC candidate.
b CTIO data fromDe Buizer, Piña, & Telesco 2000.
c Keck II data.
d Gemini data.
e Even if the HMCwas detected in the higher resolution Gemini images, the IRTF/MIRLIN images of this region would not be of sufficient resolution

to resolve the HMC from source C.
f There is some overlap of the extended emission from a nearby source with the HMC emission. The sources are resolved enough that a value can be

estimated; however, we estimate the error in the flux densities to be 5% higher in each filter.

7 These numeric labels of the sources are shortened from the IAU
recommended names that are of the form Glll.ll�b.bb:DRT03 #, where
‘‘ l ’’ and ‘‘ b ’’ are the galactic latitude and longitude of the field and ‘‘ # ’’ is
the number of the source listed in Table 2. For instance, the first source of
listed in Table 2 is G9.62+0.19:DRT03 1.
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The MIRLIN observation of this region presented in
Figures 1, 2, and 3 show something different than the pre-
vious mid-infrared observations of De Buizer et al. (2000)
or Persi et al. (2003). As can be seen in Figures 1 and 2, the
MIRLIN observations at 11.7 lm revealed not only sources
G9.619+0.193:DPT00 1 and B, but C and E as well. Figure
2 shows an overlay with the 3.5 cm radio continuum image
of Phillips et al. (1998), which has a comparable field of
view. Given the comparable resolutions and fields of view,
as well as the fact that there are multiple sources in the field,
positive identification can be made for all mid-infrared
sources in the field. Figure 2 shows that the radio continuum
and mid-infrared emission from the extended source B have
similar peaks and extent. The radio continuum and mid-
infrared peaks also coincide for sources C and E, as well as a
source (here named G9.62+0.19:DRT03 9) that lies �800

southeast of radio source D. However, one can see (Figs. 2
and 3) that the position of G9.619+0.193:DPT00 1, given

this extremely accurate registration, does not correspond
spatially to either the HMC location (F) or the peak of radio
source D. Given the remarkably close coincidence of mid-
infrared and radio continuum emission for sources B, C, E,
and G9.62+0.19:DRT03 9, we claim the relative astrometry
between the two wavelengths has a realistic uncertainty of
less than 1>0.

Figure 3 compares the higher resolution radio continuum
and ammonia line emission observations from Hofner et al.
(1994) with our mid-infrared image. One can see clearly that
the mid-infrared emission of G9.619+0.193:DPT00 1 lies in
between the compact radio continuum source D and the
extended area of thermal ammonia emission F thought to
encompass the HMC. Figure 4 shows the Keck 18.1 lm
image of G9.619+0.193:DPT00 1 overlaid with the radio
continuum of Testi et al. (2000) and the thermal ammonia
emission of Hofner et al. (1994). The Keck image was regis-
tered with the peak location of G9.619+0.193:DPT00 1 in

TABLE 2

Mid-Infrared Flux Densities for All Sources Observed in Target Field of View

Field Sourcea
DR.A.a

(arcsec)

DDecl.a

(arcsec)

F10:5lm

(Jy)

F11:7lm

(Jy)

F18:1lm

(Jy)

F20:8lm

(Jy)

G9.62+0.19 ............... 1 �20.8 +10.3 . . . 0.20 . . . . . .
2 �14.5 +11.8 . . . 1.56 . . . . . .

3 �8.6 �7.8 . . . 18.6 . . . . . .

4 �6.8 +12.5 . . . 0.34 . . . . . .

5 �5.2 + 6.9 . . . 0.14 . . . . . .
6 �2.6 + 6.5 . . . 0.17 . . . . . .

7 �1.8 +13.2 . . . 0.24 . . . . . .

8b + 1.6 �2.6 0.33c 0.43 3.17c . . .

9 + 4.1 �12.3 . . . 0.07 . . . . . .
G11.94�0.62.............. 1 + 0.5 + 0.5 . . . 0.18 . . . 0.83

2 + 8.6 + 0.8 . . . 1.11d . . . 5.43d

3 +10.8 + 5.0 . . . 1.28d . . . 7.82d

4 +11.1 �2.3 . . . 1.44d . . . 11.3d

5 +11.7 + 0.1 . . . 1.45d . . . 11.1d

6 +17.3 �3.3 . . . 1.21d . . . 8.70d

7 +17.7 �7.2 . . . <0.03 . . . 5.01

G19.61�0.23.............. 1 �11.4 + 9.0 <0.01 0.58 1.39 3.66

2 �8.0 + 5.1 2.64 3.04 9.20 17.4

3 �3.5 �3.6 9.47 11.6 52.8 82.9

4 + 5.6 + 9.4 4.06 3.36d 18.3 33.5d

5 +12.6 �8.1 4.02 4.75d 21.2 20.9d

6 +16.8 �5.6 <0.01 <0.03 1.08 2.70

G34.26+0.15.............. 1 �2.4 �1.2 0.24d,e f 0.64d,e f

2 �2.1 �2.1 0.15d,e f 1.24d,e f

3 �1.9 �0.4 0.51d,e f 0.75d,e f

4 �1.3 + 0.2 3.53d,e f 3.68d,e f

5 + 1.6 �1.4 0.81 0.61 2.06 5.11

G45.07+0.13.............. 1 �3.9 �7.3 0.89 1.40 . . . 15.1

2 0.0 �2.2 20.4 21.7d . . . 102d

3 + 0.2 0.0 4.26 5.50d . . . 19.7d

Note.—All 10.5 and 18.1 lm data were taken with OSCIR, and all 11.7 and 20.8 lm data were taken with
MIRLIN. All data are from the IRTF unless otherwise noted. All values quoted with a ‘‘<’’ are upper limit flux
densities at a 95% confidence level. Flux density errors are taken to be 10% at 10.5 and 11.7 lm and 15% at 18.1
and 20.8 lmunless otherwise noted.

a Mid-infrared sources are numbered fromwest to east on each field. The positions of the sources are given as
offsets in arcseconds from themaser/HMC location given in Table 1.

b G9.619+0.193:DPT00 1 fromDe Buizer, Piña, & Telesco 2000.
c CTIO data fromDe Buizer, Piña, & Telesco 2000.
d There is some overlap of the extended emission from a nearby source. The sources are resolved enough that

a value can be estimated; however, we estimate the error in the flux densities to be 5% higher in each filter.
e Gemini data.
f The source was not sufficiently resolved enough from a nearby source to estimate a flux density

measurement.
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Fig. 1.—Contour plot of the MIRLIN/IRTF 11.7 lm image of the
G9.62+0.19 region. Labeled are the mid-infrared components of the radio
sources as defined by Garay et al. (1993). Also labeled is the mid-infrared
source G9.619+0.193:DPT00 1. The filled circle in the upper left represents
the FWHMresolution of the image.

Fig. 2.—Comparison between the 3.5 cm radio continuum image (gray
contours) of Phillips et al. (1998) with the 11.7 lm IRTF image (black
contours) taken with MIRLIN for the region around G9.62+0.19. Radio
components as defined by Garay et al. (1993) are labeled. Sources C and E
are imaged here for the first time in the mid-infrared. Along with the
extended emission of source B, these sources finally and accurately anchor
the astrometry between the radio continuum and mid-infrared. Radio
source A is off-field and west of B. The position of the ammonia source
center is shown as a cross and labeled F.

Fig. 3.—Comparison between the 11.7 lmMIRLIN/IRTF image (black
contours) and Fig. 4 from Hofner et al. (1994) for G9.62+0.19. The gray
continuous contours are high-resolution 3.6 cm radio continuum emission,
and the gray broken contours delineate the areas of thermal NH3(5, 5)
emission. In this image it can be clearly seen that the compact and bright
mid-infrared source G9.619+0.193:DPT00 1 is not coincident with either
the radio continuum source D or the hot molecular core, F, seen in thermal
ammonia.

Fig. 4.—OSCIR/Keck 18.1 lm image (gray scale) of G9.62+0.19 over-
laid with the thermal ammonia emission (gray broken contours) of Hofner
et al. (1994) of source F, and the 3.6 cm radio continuum emission (gray
continuous contours) of source D from Testi et al. (2000). Also shown are
the water maser group locations (crosses) from Hofner & Churchwell
(1996).Water maser group 7 is labeled and is the closest to the HMC center.
No mid-infrared source was detected at the maser/HMC location with a
3 � upper limit value of 48mJy at 18.1 lm. The filled circle in the lower right
represents the FWHMresolution of the mid-infrared Keck image.



the IRTF image. It can be seen that there is no mid-infrared
emission detected at Keck at the location of the HMC at a
3 � upper limit of 48 mJy at 18.1 lm.

Given the source crowding in this small region, it is most
likely that the near-infrared emission seen by Persi et al.
(2003) is coming from the same source as the mid-infrared
emission rather than the HMC location.

3.2. G11.94�0.62

This site is an analog to G29.96�0.02 in that it has a com-
etary-shaped UC H ii region present, with isolated water
masers located out in front of the cometary arc (Hofner &
Churchwell 1996). There are two clusters of water masers
near the UC H ii region, and both are offset to the west.
Maser group 2 lies �200 from the radio continuum peak of
the UC H ii region, and therefore it was expected that it
would be difficult to image emission of a hot molecular core
separate from the emission of the UC H ii in the mid-
infrared, if one existed there. Water maser group 3, how-
ever, is located �1000 from the UC H ii region peak and
therefore represents a good hot molecular core candidate
that can be searched for in the mid-infrared.

Figures 5 and 6 show the MIRLIN observations of this
site at 11.7 and 20.8 lm, respectively. Interestingly, the com-
etary shape seen in the centimeter radio continuum images
of Hofner & Churchwell (1996) is not evident in the mid-
infrared (Fig. 7). This is also the case for the 2.7 mm images
of Watt &Mundy (1999). The astrometry for this particular
image is fairly well determined, since pointing of the tele-
scope was checked immediately before and after the
observations and was found to be reproducible to better
than 100. Therefore, the overlay of the image by Hofner &
Churchwell (1996) in Figure 7 is considered to be at least

that accurate. The goodness of the astrometry is further
indicated by several matching structures in both the mid-
infrared and radio continuum; however, the radio peak is
surprisingly not present in the mid-infrared.

As can be seen in Figure 7, we detected a mid-infrared
source at the location of water maser group 3. Flux densities
for this source at 11.7 and 20.8 lm are given in Table 1. The
mid-infrared emission from this candidate HMC is compact

Fig. 5.—Contour plot of the MIRLIN/IRTF 11.7 lm image of
G11.94�0.62. The compact, unresolved source at the origin is the HMC
candidate. The cometary UC H ii region in this field does not appear to
have a cometary shape in the mid-infrared. Instead it can be seen as the
group of close and spatially unresolved sources to the east of the HMC
location. The filled circle in the lower right represents the FWHM
resolution of the image.

Fig. 6.—Contour plot of the MIRLIN/IRTF 20.8 lm image of
G11.94�0.62. Same comments as Fig. 5.

Fig. 7.—Contour plot of the MIRLIN/IRTF 20.8 lm image of
G11.94�0.62 (black contours) overlaid with the 2 cm radio continuum
image (gray contours) of Hofner & Churchwell (1996). Also shown are the
numbered water maser group locations from Hofner & Churchwell (1996).
The peak of the mid-infrared emission from the HMC candidate is
coincident with the location of maser group 3.
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and unresolved and exactly coincident with the water
masers.

G11.94�0.62 has not yet been imaged in molecular line
emission (e.g., ammonia) with subarcsecond resolution. The
�300 resolution 2.7 mm images by Watt & Mundy (1999) of
this site do not show any dust continuum emission toward
the location of maser group 3. They also failed to detect
molecular CH3CN or 13CO emission in their imaging of this
site, even though both were detected spectroscopically by
Churchwell et al. (1992) along with CS emission. Watt &
Mundy (1999) speculate that, because of the array configu-
ration of their interferometric observations, they may not
have detected the molecular emission found by Churchwell
et al. (1992) if it is extended over a large emitting region.
Cesaroni, Walmsley, & Churchwell (1992) also detected
NH3 line emission toward G11.94�0.62 spectroscopically,
but it cannot be ascertained whether the NH3 is coming
from anHMC at the location of water maser group 3, or the
UCH ii region, or both. It is encouraging that the molecular
tracers, especially those from hot and dense gas (e.g., high-
excitation NH3) are present in the region, implying the pres-
ence of an HMC in the field. However, it is disconcerting
that Watt & Mundy (1999) do not see the HMC candidate
in their molecular line imaging of CH3CN, which is thought
to be an excellent tracer of HMCs.

3.3. G12.21�0.10

This is the site of another cometary UC H ii region with
several water maser groups out in front of the cometary arc.
This region has been observed to contain several tracers of
hot and dense chemically enriched gas, such as high-excita-
tion NH3 (Cesaroni et al. 1992; Anglada et al. 1996),
CH3CN (Millar & Hatchell 1997), and CS (Plume, Jaffe, &
Evans 1992), thus making it a prime HMC candidate.
However, there are not yet any direct molecular line images
of this site.

Observations of G12.21�0.10 using MIRLIN did not
reveal the presence of mid-infrared emission from an HMC
at the location of the water masers at either 11.7 or 20.8 lm.
Even more surprising is that the UC H ii region, detected at
centimeter radio wavelengths (Hofner & Churchwell 1996)
and in the submillimeter (Hatchell et al. 2000), was not
detected at either mid-infrared wavelength using MIRLIN.
A possible reason for this may be extremely high extinction
toward this region.

3.4. G19.61�0.23

The molecular and ionized environment of G19.61�0.23
was extensively studied by Garay et al. (1998). This site was
found to contain five distinct H ii regions seen in radio con-
tinuum emission (labeled A, B, CD, E, and F). Additionally,
Garay et al. (1998) found three ammonia clumps in the
region. Water and OH masers were discovered to be associ-
ated with the middle and most prominent of the three
ammonia clumps.

In the work by De Buizer (2000, 2003), OSCIR/IRTF
observations revealed the presence of mid-infrared sources
coincident with all of the H ii regions of Garay et al. (1998)
except source F. Figure 8 shows the 18.1 lm observations of
De Buizer (2000) overlaid with the radio continuum of
Hofner & Churchwell (1996). The registration between
these overlaid images was performed by matching the inner
radio continuum contours of Garay et al. (1998) with those

of Hofner & Churchwell (1996), which match well. Then the
outer radio continuum contours of Garay et al. (1998),
which are well matched with the IRTF mid-infrared con-
tours, were used to register the mid-infrared image to the
Hofner & Churchwell (1996) image. The maser positions
are known to be accurate to 0>1 with respect to the radio
continuum. The fact that there are four mid-infrared sour-
ces in common with the radio continuum sources of Garay
et al. (1998) suggests that the astrometry is indeed accurate.
Therefore the relative astrometric accuracy between the
mid-infrared and the radio continuum images is believed to
bed1>5.

In Figure 8 one can see that there is a weak, mid-infrared
source coincident with the location of water maser group 6
from Hofner & Churchwell (1996). This source was not
detected at 10.5 lm and was a 3 � detection with a quoted
flux density of 230� 30 mJy at 18.1 lm (De Buizer 2000).
However, this mid-infrared emission was considered to be
real given the coincidence of the source with the water
masers and the fact that this group of water masers exists
within the confines of the middle ammonia clump of Garay
et al. (1998) (Fig. 9). On the basis of this coincidence of
ammonia and water masers, De Buizer (2000) argued that
this source is indeed anHMC.

Follow-up observations were performed at Gemini North
using OSCIR and did not confirm the presence of a source
at the location of water maser group 6 (Fig. 9). A 3 � upper
limit on the 18.1 lmflux density of a source in this area from
these new observations is 11 times less than the quoted flux
density for this source from De Buizer (2000). We therefore
must conclude that the prior detection by De Buizer (2000)
was an unfortunately placed noise spike.

Fig. 8.—Comparison between the 18.1 lm image (black contours) of
G19.61�0.23 from De Buizer (2000) using OSCIR/IRTF and the 2 cm
radio continuum image (gray contours) from Hofner & Churchwell (1996).
Also shown are the water maser locations from Hofner & Churchwell
(1996), with their water maser group 6 labeled. At this maser group location
there is a 3 � detection of a mid-infrared source. Given the coincidence of
the mid-infrared source with the water maser location and thermal
ammonia source of Garay et al. (1998), this mid-infrared detection was
considered to be real by De Buizer (2000).
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3.5. G34.26+0.15

G34.26+0.15 is a star-forming complex that has been the
subject of a wealth of observations at several wavelengths.
It is outside the scope of this paper to discuss all of the
aspects of how the new mid-infrared observations presented
here complement the previous observations for all sources
in this region. Such discussion will be saved for a future
paper. We will, however, discuss here observations that per-
tain to the HMC, and we will briefly touch on certain issues
regarding the other sources in the field.

Radio continuum observations by Hofner & Churchwell
(1996) show this to be a site of another cometary-shaped
UC H ii region with water masers out in front of the comet-
ary arc. These observations show the same radio continuum
sources found by Gaume, Fey, & Claussen (1994), but with
less extended emission than they see. Gaume et al. (1994)
named the cometary UC H ii region source C, and the two
unresolved bright UC H ii regions located east and in front
of the cometary arc as A and B (southern and northern
sources, respectively; see Fig. 10). In front of the cometary
arc of C, there is a confirmed HMC that is seen in several
molecular species (e.g., Keto et al. 1992; Churchwell et al.
1992).

The most complete mid-infrared observations of this
region were performed by Campbell et al. (2000) at the
IRTF. They observed the region through six mid-infrared
filters from 8.0 to 20.6 lmwith 1>2–1>7 resolution. Like the
earlier mid-infrared observations of Keto et al. (1992) of this
site, Campbell et al. (2000) found the mid-infrared emission
of radio continuum source C not to be cometary in the mid-
infrared and failed to detect emission from radio continuum
source B. However, Campbell et al. (2000) did discover two

new sources seen only at 20.6 lm, one of which, designated
E, lies just south of source C. Keto et al. (1992) also claimed
to have discovered an additional mid-infrared source at
12.5 lm at the location of the HMC with a flux density of
70 mJy. Campbell et al. (2000) did not detect this source,
but they could not discount its existence given the noise level
of their images.

One problem with comparing the radio continuum
images of G34.26+0.15 with our images is that the separa-
tion between sources A and C is 0>5 larger in the radio than
in our mid-infrared images. Campbell et al. (2000) notes this
as well, stating that registering their mid-infrared images on
radio source A resulted in an offset of 0>5 in the peak loca-
tions of C that did not appear to be real. They concluded
that the lower signal-to-noise ratio of A was likely to be the
cause of the scatter, and they therefore registered all of their
mid-infrared images using the radio continuum peak of C.
In our mid-infrared images source A has good signal-
to-noise ratio, yet we have drawn the same conclusion that
the mid-infrared morphology of source C is too similar to
the radio morphology for the offset to be real. Therefore,
like Campbell et al. (2000), we registered our mid-infrared
images using source C. Surprisingly, the 12.5 lm image of
Keto et al. (1992) shows sources A and C to have the same
separation as the radio continuum sources, inconsistent
with the conclusion by Campbell et al. (2000) and our
results here. This uncertainty in registration, however, does
not affect our following interpretation of the region.

Figures 11 and 12 show the 10.5 and 18.1 lm OSCIR
images from Gemini North. Two things are immediately
obvious from these figures. First, radio continuum source C
does not look like a single stellar source with a cometary-
shaped UC H ii region in the mid-infrared. Instead it con-
sists of perhaps four individual components (not two, C and
E, as suggested by Campbell et al. 2000; see Table 2).

Fig. 9.—Deeper 18.1 lm follow-up image of G19.61�0.23 from
OSCIR/Gemini North (gray scale). Overlaid in gray are the contours of
the thermal ammonia source seen by Garay et al. (1998). The water masers
of Hofner & Churchwell (1996) are overlaid as well. There was no detection
of the 18.1 lm source seen by De Buizer (2000) at the location of maser
group 6. Therefore, it is likely that the HMC candidate seen previously was
simply noise. The filled circle in the upper right represents the FWHM
resolution of the mid-infraredGemini image.

Fig. 10.—Contour plot of the 2 cm radio continuum of G34.26+0.15
taken from Fig. 5 of Hofner & Churchwell (1996). This figure shows the
radio continuum components in the region, which are labeled. The large
and amorphous radio source D is not on field and is located �2000 to the
southeast of A.
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Second, the mid-infrared emission from the HMC is absent
in both images. This can best be seen in Figure 13, which
shows the Gemini 10.5 lm image overlaid with the 12.5 lm
image of Keto et al. (1992). Figure 14 shows the NH3 image
of Keto et al. (1992) overlaid on the 18.1 lm image from

Fig. 11.—Contour plot of the OSCIR/Gemini North 10.5 lm image of
G34.26+0.15. Labeled crosses A–Cmark the peaks of the radio continuum
emission sources in the region. Previously detected mid-infrared source E
from Campbell et al. (2000) is also marked with a cross. Like G11.94�0.62,
the cometary UC H ii region, C, in this field does not appear to have a
cometary shape in the mid-infrared. It appears that source C and mid-
infrared source E (Campbell et al. 2000) can be seen as four separate sources
in this high-resolution Gemini image. The filled circle in the lower right
represents the FWHMresolution of the image.

Fig. 12.—OSCIR/Gemini North 18.1 lm image of G34.26+0.15. Same
comments as Fig. 11.

Fig. 13.—OSCIR/Gemini North 10.5 lm image of G34.26+0.15 (black
contours) with the 12.5 lm image (gray contours) from Keto et al. (1992).
Also shown are the water maser group locations from Hofner &
Churchwell (1996). Water maser group 2 is believed to be the site of an
HMC. Keto et al. (1992) found a 70 mJy 12.5 lm source near the location
of water maser group 2, claiming it to be mid-infrared emission from the
HMC. We do not detect this source at 10.5 lm with a 3 � upper limit flux
density of 4 mJy.

Fig. 14.—OSCIR/Gemini North 18.1 lm image of G34.26+0.15 (black
contours) with the thermal NH3 image (gray contours) from Keto et al.
(1992). They find a bright thermal ammonia source near the location of
water maser group 2. Keto et al. (1992) claim that the water maser group 2,
the 12.5 lm source, and the ammonia source are spatially coincident; how-
ever, they appear to be in three different locations. In any case, there is no
18.1 lm source at any of these three locations with a 3 � upper limit flux
density of 21 mJy.
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Gemini for comparison. The NH3 peak is actually a little
south of the 12.5 lm peak; however, the Gemini observa-
tions show that there are no signs of mid-infrared emission
from either location or from the location of any of the other
isolated water maser groups in the region. These Gemini
observations cast doubt on the existence of the mid-infrared
source seen by Keto et al. (1992), since the 3 � upper limit
on the presence of such a source is 4 mJy at 10.5 lm and
21mJy at 18.1 lm.

Keto et al. (1992) also presented one other mid-infrared
detection of an HMC at the location of W3(H2O). Similar
to the result presented here, this other HMC was not
detected in the recent observations by Stecklum et al.
(2002), who give an upper limit far below the flux density
quoted by Keto et al. (1992).

3.6. G45.07+0.13

The observations of Hofner & Churchwell (1996) show
this site to contain an unresolved, bright UC H ii region
coincident with several water masers. There is, however, one
tight group of water masers offset �200 north of the UC H ii

peak. Given the compact nature of the UCH ii region in the
radio, the northern group of water masers was believed to
be far enough away to distinguish mid-infrared emission
from anHMC, if one exists there.

There exist no high spatial resolution molecular line
images of this site. However, like G11.94�0.62, this region
has been observed to contain tracers of hot and dense
chemically enriched gas, such as CH3CN (Pankonin et al.
2001). The mid-infrared images presented in Figures 15 and
16 are 11.7 and 20.8 lm images, respectively, fromMIRLIN
at then IRTF. These images show three mid-infrared sour-
ces in the area. The middle and brightest of these mid-infra-
red sources is closest to the location of the UC H ii region
and assumed to be coincident. Figure 17 shows the 11.7 lm
image overlaid with the radio continuum contours and

masers from Hofner & Churchwell (1996). In this figure one
can see that the location of the isolated northern water
maser group is exactly coincident with the northern
mid-infrared source.

G45.07+0.13 has also been imaged at 3 mm by Hunter,
Phillips, & Menten (1997). They see emission from the UC

Fig. 15.—Contour plot of the MIRLIN/IRTF 11.7 lm image of
G45.07+0.13. Three mid-infrared sources were detected, including one at
the candidate HMC location (origin). The filled circle in the lower left
represents the FWHMresolution of the image.

Fig. 16.—Contour plot of the MIRLIN/IRTF 20.8 lm image of
G45.07+0.13. Again three mid-infrared sources were detected, including
one at the candidate HMC location (origin); however, the two northern
sources are not as spatially well resolved as they are at 11.7 lm. The filled
circle in the lower left represents the FWHM resolution of the image.

Fig. 17.—MIRLIN/IRTF 11.7 lm image of G45.07+0.13 (black
contours) with the 2.0 cm radio continuum image of Hofner & Churchwell
(1996) overlaid (gray contours). Also shown are the water maser groups of
Hofner & Churchwell (1996). Maser group 2 is believed to mark the
location of an HMC, and we have detected a bright mid-infrared source at
this location.
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H ii region as well as the southern mid-infrared source.
Given the resolution of the 3 mm images, it is difficult to say
whether they should be able to resolve the emission from the
HMC candidate at the northern water maser location. The
HMC candidate may be faint at 3 mm, or unresolved from
the UCH ii region, or both.

The water masers associated with the UC H ii region, as
discussed in Hofner & Churchwell (1996), lie in a linear dis-
tribution at position angle of�45�. This is a similar position
angle to the axis of an outflow seen at this location by
Hunter et al. (1997) observed in CO and CS. Hofner &
Churchwell (1996) suggest that the water masers and
outflow are related, thus implying that the outflows here
emanate from the UC H ii region. Hunter et al. (1997) also
claim that the outflow is driven by a single isolated stellar
source at the center of the UC H ii region. However, given
the resolution of the CO and CS images, any of the three
sources, including the HMC candidate, seen in the
mid-infrared is a candidate for the outflow source.

3.7. G75.78+0.34

The UC H ii region present here is coincident with the
OH maser ON2-N, and therefore this site is also known by
that name. Furthermore, this site is also known as
G75.78�0.34, as a result of a misprint in the paper by
Hofner & Churchwell (1996). At radio continuum wave-
lengths, Hofner & Churchwell (1996) find the UC H ii emis-
sion to be cometary shaped, again with water masers offset
and located in front of the cometary arc by�200.

G75.78+0.34 has never been imaged in molecular line
emission; however, it is the site of a variety of molecules
known to be tracers of high-density material associated with
HMCs. Tracers like CH3CN (Hatchell et al. 1998) and CS
(Olmi & Cesaroni 1999) have been detected here, as well as
high-excitation lines of NH3 (Olmi, Cesaroni, & Walmsley
1993). However, the best evidence for the presence of a com-
pact object at the location of the water masers is the detec-
tion of a 7 mm source at the maser location by Carral et al.
(1997). Emission was also detected by Carral et al. (1997) at
wavelengths out to 2 cm. Given the extremely high emission
measure of this object, it has been deemed a ‘‘ hypercompact
H ii region ’’ (Kurtz & Franco 2002) and as such is thought
to represent a stellar phase much younger than the UC H ii

phase.
Despite the fact that this appears to be an excellent candi-

date for mid-infrared study, we failed to detect any mid-
infrared emission at either 11.7 or 20.8 lmwith MIRLIN at
IRTF from the location of the water masers. Even more sur-
prisingly, like G12.21�0.10, the UC H ii region was not
detected either. Upper limits for flux densities for these
objects are given in Table 1.

4. PHYSICAL PROPERTIES OF THE
HMC CANDIDATES

We have derived estimates of several physical parameters
for the newly detected HMC candidates seen in
G11.94�0.62 and G45.07+0.13 under the assumption that
each is anHMC internally heated by a single star. A detailed
discussion of how the color temperature, mid-infrared
luminosity, and spectral type were derived are discussed in
De Buizer et al. (2000), and the discussion of the limitations
of this method are discussed in more detail in De Buizer

et al. (2002a). Basically, for each source a blackbody func-
tion was fitted to the 11.7 and 20.8 lm flux densities. From
this Planck function fit a dust color temperature was found.
Integrating this Planck function from 1 to 600 lm and using
this distance to the source we derived a mid-
infrared luminosity. The distances to the sources were taken
to be 4.2 and 6.0 kpc for G11.94�0.62 and G45.07+0.13,
respectively (Hofner & Churchwell 1996).

These calculations yield a blackbody dust color tempera-
ture of 167 K for G11.94�0.62 and 181 K for G45.07+0.13.
Because these are blackbody dust color temperature values,
they can be considered upper limits on the actual mid-infra-
red dust color temperature. The blackbody mid-infrared
luminosities derived for the sources are 90 and 4360 L�
for G11.94�0.62 and G45.07+0.13, respectively. Again,
because these are blackbody mid-infrared luminosities, they
are a reflection of only a part of the bolometric luminosity
and therefore can be considered to be lower limits (possibly
extreme lower limits) to the actual bolometric luminosity of
the central heating sources. Making the simple assumption
that the mid-infrared luminosities are equal to the bolomet-
ric luminosities of the sources, we can derive zero-age main-
sequence spectral type limits that would be an estimate of
the latest spectral type the central heating source could pos-
sibly be. These spectral type limits were found to be B9 and
B0 for G11.94�0.62 andG45.07+0.13, respectively.

We can also derive limits to the physical size of the HMC
candidates in the mid-infrared. The blackbody lower limit
size calculated is 105 AU for G11.94�0.62 and 624 AU for
G45.07+0.13. Following the procedure outlined in Soifer
et al. (2000), we used seven IRTF/MIRLIN PSF observa-
tions to derive an upper limit size for the HMC candidates.
The rms scatter of the PSF FWHMs was found to be 0>1 at
11.7 lm. Since the HMCs, like the PSF stars, are unresolved
at this wavelength, we can take the value of 5 � (0>5) as the
upper limit of the size of both HMC candidates under the
assumption that a difference of 5 times the standard devia-
tion of the PSF FWHM would have been easily discernible.
This yields a upper limit physical size for the HMC candi-
dates of 2100 AU for G11.94�0.62 and 3000 AU for
G45.07+0.13.

We can compare these to the only other mid-infrared–
bright HMC presently, G29.96�0.02. This source, however,
is resolved with a PSF-quadrature-subtracted physical size
of 6720 AU. This is a few times larger than the upper limits
we have set on G11.94�0.62 and G45.07+0.13. Since the
HMC in G29.96�0.02 is resolved, the dust color tempera-
ture will be closer to the quoted optically thin dust color
temperature value of 105 K (De Buizer et al. 2002b), which
yields a mid-infrared luminosity of 490 L�. This estimates
the spectral type at earlier than B6, derived from the mid-
infrared luminosity alone. This shows that all three HMCs
are at least luminous enough to contain B-type stars, and in
the case of G45.07+0.13, the HMC very probably contains
an O-type star at its center. This is consistent with the
hypothesis that the central stars heating these mid-
infrared–bright HMC candidates are indeed massive,
assuming that they are heated by a single source.

5. DISCUSSION

The main result of these observations is the detection of
two new HMC candidates, which when combined with the
mid-infrared detection of G29.96�0.02 (De Buizer et al.
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2002b) represent three HMC candidates to be directly
imaged recently in the mid-infrared from the survey of
Hofner & Churchwell (1996). Unlike G29.96+0.02, how-
ever, the HMC candidates of G11.94�0.62 and G45.07+
0.13 have not been directly imaged in molecular line emis-
sion. Therefore can we be sure that these are, in fact,
HMCs? There are several reasons why it is believed that
these two mid-infrared sources are HMCs. First, all of the
mid-infrared sources have no radio continuum emission,
implying that they are indeed young and embedded. Sec-
ond, this survey has relatively good astrometry and both of
these HMC candidates are directly coincident with clusters
of water masers, which are generally believed to trace young
massive stars. Third, there are spectroscopic observations
providing evidence of high-excitation molecular line emis-
sion coming from each of these regions, a necessary (but not
sufficient) condition if these are HMCs. Finally, we derive
estimates of mid-infrared luminosities for these HMCs that
are consistent with their being heated by massive central
stars. Taken together, these four pieces of evidence
combined lead to the belief that these are indeed HMCs.
However, confirmation of the hot molecular nature of these
sources will have to come from high-resolution molecular
line imaging (e.g., NH3 or CH3CN).

While the mid-infrared detections of G11.94�0.62,
G29.96�0.02, and G45.07+0.13 demonstrate that HMCs
can indeed be imaged at mid-infrared wavelengths, our lack
of confirmation of the previously reported detections of
HMCs in the mid-infrared in the fields of G9.62+0.19,
G19.61�0.23, and G34.26+0.15 show that one must be
extremely careful in their astrometry and that one must
image these sources deeply in order to confirm their exis-
tence as HMCs. Given the gregarious nature of young mas-
sive stars, the fields containing HMCs are crowded with
sources at many different stages of formation. We must be
careful that we are referring to the same source when com-
paring fields at different wavelengths, since these different
wavelengths are sensitive to different stellar phases.

Of the 21 sites in the survey of Hofner & Churchwell
(1996), nine stand out as good candidates for HMCs, given
the fact that they contain water masers isolated and offset
from nearby UC H ii regions and display evidence for
molecular line emission. G43.89�0.38 was the only one of
these nine sources not observed in either this work or the
G29.96�0.02 paper by De Buizer et al. (2002b). Of the eight
sources observed from Hofner & Churchwell (1996), we
have detected mid-infrared emission from the HMC candi-
dates of three sources in total. Although it is certainly small
number statistics, this suggests a mid-infrared detection suc-
cess rate toward isolated water masers in regions of massive
star formation of 38%.Why is there such a low mid-infrared
detection rate for HMCs? The most obvious reason is that if
the HMCs are too cold and embedded, very little mid-infra-
red emission would be expected. This would be the case if
the HMCs are at an extremely early stage of development.
This implies that HMCs that display mid-infrared emission
are at a more evolved stage of formation than HMCs lack-
ing mid-infrared emission.

Since we need to confirm the validity of the HMC
through molecular line imaging anyway, one might ask why
we should even image the HMCs in the mid-infrared at all.
In addition to the reason just mentioned, i.e., that it gives us
an idea of the relative age of the HMC, one may be able to
use mid-infrared observations at more wavelengths to more

accurately describe the physical characteristics of massive
star formation. Models of the earliest stages of massive star
formation are being produced that calculate emergent ther-
mal dust spectral energy distributions (SEDs; e.g., Osorio,
Lizano, & D’Alessio 1999). These SEDs model an HMC as
an envelope of gas and dust that is infalling and accreting
onto a massive central protostar. The models take into
account the effects of mass accretion rate and the luminosity
of the central protostellar object on the radiative transfer
through the envelope as a function of the envelope size.

The simple models of Osorio et al. (1999) showed a great
dependence of the emergent SED at mid-infrared wave-
lengths on the physical characteristics of the HMC. On the
steep Wien side of the SED, the depth and shape of the 10
lm silicate feature and the lower wavelength fall-off of emis-
sion are heavily dependent on accretion rate and central
protostellar luminosity. In the Rayleigh-Jeans portion of
the SED (i.e., at far-infrared and longer wavelengths), the
shape of the SED is simply a constant slope that appears to
be predominantly determined by the dust opacity at these
wavelengths. Most models adopt a power law for the dust
opacity of the form �� / ���, where 1 � � � 2 for � � 200
lm. Consequently, data at wavelengths longer than �100
lmdo not drastically effect the SED and hence do not reveal
much about the physical processes, such as accretion rate.
However, the molecular lines in the submillimeter and milli-
meter are still helpful for deriving the HMC temperatures
(which tells one where the SED peaks) and density values
needed for accurate modeling of the radiative transfer.
Although such models are still in their infancy, a more com-
plete sampling of the SED at a variety of mid-infrared wave-
lengths (i.e., more than the one or two wavelengths sampled
here) will yield more accurate information of the physical
characteristics of HMCs as the models become more
refined.

6. CONCLUSIONS

In this paper we presented the detection of mid-infrared
emission from the locations of two HMC candidates,
G11.94�0.62 and G45.07+0.13. Both of these sources are
believed to be genuine HMCs because they display no radio
continuum emission, are directly coincident with clusters of
water masers, reside in regions of high-excitation molecular
line emission observed spectroscopically, and have derived
mid-infrared luminosities that imply that they are being
heated internally by massive B- or O-type stars.

We also presented deep mid-infrared images of two
HMCs previously detected in the mid-infrared, G19.61�
0.23 and G34.26+0.15. For both of these sources we failed
to detect mid-infrared emission from the HMC location at
any wavelength. For G9.62+0.19, we were able to deter-
mine that the mid-infrared emission thought to be associ-
ated with the HMC is in fact offset �200 from the HMC
location. Given the density of sources on the field, the emis-
sion seen in molecular line images and the mid-infrared
emission are most likely coming from different sources
altogether.

The two HMCs newly detected in the mid-infrared, along
with the HMC inG29.96�0.02 (De Buizer et al. 2002b), rep-
resent a small, but growing group of sources that can be
modeled to learn about the physical characteristics of mas-
sive star formation. Further observations and mid-infrared
spectra of these sources will provide extremely useful
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information for the modeling and characterization of these
youngest stages of massive stellar birth.

Data presented in this article were in part obtained at the
Infrared Telescope Facility, which is operated by the
University of Hawaii under a cooperative agreement with
the National Aeronautics and Space Administration. This
material is based upon work supported by the National
Aeronautics and Space Administration under cooperative
agreement NCC 5-538 issued through the Office of Space
Science, Planetary Astronomy Program.

Some data were also obtained at the Gemini Observatory,
which is operated by the Association of Universities for
Research in Astronomy, Inc., under a cooperative agree-

ment with the NSF on behalf of the Gemini partnership: the
National Science Foundation (United States), the Particle
Physics and Astronomy Research Council (United
Kingdom), the National Research Council (Canada),
CONICYT (Chile), the Australian Research Council
(Australia), CNPq (Brazil), and CONICET (Argentina).

Further data presented herein were obtained at theW.M.
Keck Observatory, which is operated as a scientific
partnership among the California Institute of Technology,
the University of California, and the National Aeronautics
and Space Administration. The Observatory was made
possible by the generous support of the W. M. Keck
Foundation.
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